In this paper, we propose and experimentally demonstrate 10 GBaud intensity modulation direct detection pulse amplitude modulation 4 transmission over 48-km single mode fiber (SMF). Look-up table predistortion and chromatic dispersion precompensation are employed to mitigate channel bandwidth constraint and nonlinear impairment. At the receiver side, decision-directed least mean square and cascaded multimodule algorithm are employed to improve the decision precision. By combining these techniques, link budgets of 5.3 and 4 dB are achieved at bit error rate of 1 × 10 −3 for the back-to-back case and after transmission over 48-km SMF, respectively.
Introduction
Data center interconnection (DCI), video-based multimedia and broadband mobile services are driving demands for large bandwidths and high data rate transmission in optical access and metro networks. For short reach applications, low cost and simple deployment are considered as the main factors, which can be implemented by intensity modulation direct detection (IM/DD). Recently, intensity modulation direct detection (IM/DD) systems based on advanced modulation formats, including pulse amplitude modulation (PAM) [1] , [2] , carrier-less amplitude phase modulation (CAP) [3] , discrete multi-tone (DMT) [4] - [6] are under active research for cost effective applications. Among them, pulse amplitude modulation (PAM) is highly advocated due to its simple configuration and low power consumption. However, there are three barriers that limit the performance in IM/DD systems: the modulation bandwidth constraint, the power fading induced by chromatic dispersion (CD), the nonlinear impairment caused by electro-optical component in transmitter and receiver side.
Lots of efforts based on digital signal processing (DSP) have been reported to handle these issues. In [4] , C-band single wavelength 100-Gb/s SSB-DMT is demonstrated to combat power fading. Generally in theory, the signal to noise ratio (SNR) of SSB-DMT has 3-dB penalty compared with DSB-DMT. Recently, C-band 56-Gb/s DMT system with vestigial sideband filter (VSB) over 80-km is demonstrated [5] , which is another solution to handle power fading. However, accurate wavelength control is used, increasing the system complexity. Electrical dispersion compensation (EDC) is also an attractive solution for its flexibility and adaptive operation. Optical least-square FIR digital filter [7] and Wiener filter [8] are proposed for compensation of chromatic dispersion. These filters based on convex minimization the energy of the complex error between the frequency responses of CD compensation filters are computationally expensive. As for nonlinear equalization, Volttera series transfer function (VSTF) [9] , [10] and digital back-propagation (DBP) [11] , [12] are feasible models to reduce nonlinear impairment. These methods require large amounts of computational load and are applied in receiver side. Alternatively, nonlinear look-up table (LUT) pre-distortion [13] , [14] has been proved to be promising in addressing these problems, enabling receiver side with low complexity.
In this paper, we propose and experimentally demonstrate 10 GBaud IM/DD PAM-4 transmission over 48-km single mode fiber (SMF). At the transmitter side, look-up table (LUT) pre-distortion and chromatic dispersion (CD) pre-compensation are employed to mitigate channel bandwidth constraint and nonlinear impairment. At the receiver side, decision-directed least mean square (DDLMS) [15] and cascaded multi-module algorithm (CMMA) [16] are employed to improve the decision precision. By combining these techniques, link budgets of 5.3-dB and 4-dB are achieved at BER of 1 × 10 −3 for the back-to-back (BTB) case and after transmission over 48-km SMF, respectively. The impacts of digital CD pre-compensation and LUT-based pre-distortion on the performance are also studied. Compared with the study in previous investigation in [14] , we employ EDC to compensate fiber dispersion, not optical dispersion compensation, which makes transmission system simple and flexible. Also we compare the performance of DDLMS and CMMA in a PAM-4 system for the first time.
Principle of Chromatic Dispersion Pre-Compensation
Electrical dispersion compensation (EDC) technique has been considered as a flexible and cost effective approach to enhance the optical system performance. In direct-detection system, the performance of EDC at the receiver is limited because of the loss of optical phase information after square law detection. The alternative way to avoid this situation is to adopt EDC at the transmitter [17] , in which the amplitude and phase of the transmitted signal is pre-distorted.
In the absence of single mode fiber nonlinearity, the mode of optical fiber is linear [18] . In this case, CD is modelled as the frequency response given by
where λ is the carrier wavelength, D is the fiber dispersion parameter, L is the propagation length and c is the speed of light. The CD can be compensated by the inverse of the frequency response in optical fiber.
From (2), electrical dispersion pre-compensation can be used at the transmitter to mitigate the chromatic dispersion successfully.
Principle of Look-Up Table (LUT) Pre-Distortion
The nonlinear distortion in the IM/DD system is mainly induced by the nonlinearity of the ElectroOptical (EO) modulator, square-law detection as well as the fiber transmission [19] , [20] . All of these factors will give rise to second and even higher term of the original signal at the receiver side, which degrade the system performance. The LUT pre-distortion has been considered as an effective way to handle these issues [14] , especially for the PAM-4 signal with limited states. The look-up table (LUT) correction is used to mitigate the transmitter-based pattern-dependent distortion due to high data rate [21] . It has the advantages of easy operation, low computational complexity and flexible configuration, which can be easily applied to nonlinear impairment distortion. 
As the sliding window moves forward, more and more values are restored in the LUT. Parameter N(i) tracks the count of value put inside under LUT index i. The final value under every LUT index is averaged based on parameter N(i). The calculation process of LUT is given by
where LUT_e(k) is the final value restored under LUT index i. Once the LUT is created with all possible patterns, it can be restored and pre-distorted at the transmitter. The pre-distortion equation is given by Fig. 2 shows the experimental setup for IM/DD 10 GBaud PAM-4 transmission over 48-km SMF with detailed DSP block. At the transmitter side, one external cavity laser (ECL) at 1550nm with linewidth less than 100 kHz is used to generate optical carrier. The continuous-wave (CW) lightwave from laser is modulated by PAM-4 signal via the I/Q modulator (30 GHz 3-dB bandwidth) for complex signal modulation. The I/Q modulator consists of two parallel Mach-Zehnder modulators (MZMs) both biased at the null point and driven at the full swing. The 10 GBaud PAM-4 signal is generated off-line and then uploaded into an arbitrary waveform generator with 12-GSa/s maximal sample rate and 3.6 GHz 3-dB bandwidth. The generation process of PAM-4 signal is depicted in the Tx DSP block [see Fig. 2(i) ]. The pseudorandom bit sequence (PRBS) signal is first mapped into PAM-4 symbols, followed by look-up table (LUT) pre-distortion and chromatic dispersion (CD) precompensation. The length of PRBS is 2ˆ13-1. It is worth noting that real PAM-4 pre-distorted data after CD pre-compensation become complex data with amplitude and phase information [see Fig. 2 (ii)]. Then the I/Q modulator is used to convey compensated complex data. Before transmitting PAM-4 signal, the training sequence is firstly tested for LUT generation. The process of LUT generation is clarified in part 2.2. After 48-km SMF transmission, the erbium-doped fiber amplifier (EDFA) is cascaded to amplify the signal. Then a variable optical attenuator (VOA) is applied to adjust the received optical power for sensitivity measurement. Followed by optical to electrical (O/E) conversion via a photonic detection (PD) with 3-dB bandwidth of 13 GHz, the converted electrical signal is sent into a real-time oscilloscope with 100-GSa/s sample rate and 33 GHz electrical bandwidth. Rx-side offline DSP is depicted in Fig. 1 , which includes down-sampling, constant module algorithm (CMA) convergence, decisiondirected least mean square (DDLMS) or cascaded multi-module algorithm (CMMA), PAM-4 symbol decision and BER calculation. The convergence effects of CMMA and DD-LMS are compared on the later results.
Experimental Setup

Experimental Results and Discussions
We have generated look-up table with 3-symbol and 5-symbol patterns for PAM-4 signal via training sequence as shown in Fig. 3(a) and (b) . It can be observed that large distortion value is obtained using longer symbol patterns [14] . In the following test, 5-symbol patterns are adopted for 10 Gaud PAM-4 transmission for the consideration of nonlinear distortion effect and computational complexity.
BER The performance versus the received optical power over various algorithms at BTB cases are compared and summarized in Fig. 4 . In order to figure out the impact of LUT, the PAM-4 signal together with a variety of possible combinations is measured. About 2-dB receiver sensitivity improvement at BER of 1 × 10 −3 is achieved by adopting DD-LMS or CMMA. And another 1-dB receiver sensitivity improvement can be further obtained by adding LUT together with DD-LMS or CMMA. As observed from Fig. 4 , DD-LMS and CMMA algorithm with 50 taps have nearly similar convergence effect for PAM-4 signal. Fig. 4(a) and (b) shows the PAM-4 constellation at −2 dBm without LUT and with LUT, CMMA cases, respectively. Fig. 5 shows the BER performance at different received optical power with various algorithms over 48-km fiber. As described above, there is a large error floor without using any algorithms. The BER performance of PAM-4 with DD-LMS is slightly improved after 48-km SMF transmission. While only adopting CMMA, it has the similar effect with Pre-CDC. Also it demonstrates that CMMA has better convergence effect than DD-LMS when system is under noisy condition. Compared with only adopting pre-CDC, almost 4-dB receiver sensitivity improvement is obtained by additional LUT correction at BER of 3.8 × 10 −3 . DD-LMS and CMMA algorithm can further improve the system performance. It is worth noting that from both Figs. 4 and 5, the sensitivity improvement after adopting LUT becomes a little smaller when reaching lower received optical power. In our experimental setup, the LUT is generated when the received optical power is fixed at −1 dBm. So the generated LUT may not work well at lower received optical power. There is a tradeoff between operational simplicity and performance improvement. For further improvement, we can update LUT data after a regular interval of received optical power.
In order to objectively evaluate the LUT and pre-CDC, the link power budget is calculated for BTB and 48-km fiber cases. The link power budget is defined as the power ratio between optical launch power and received optical power before photonic detector at the FEC BER threshold. The optical launch power is set to −1 dBm according to experimental result. Therefore it is easy to conclude that by adopting these techniques above, link budgets of 5.3-dB and 4-dB are achieved at BER of 1 × 10 −3 for the back-to-back (BTB) case and after transmission over 48-km SMF, respectively.
Conclusion
We propose and experimentally demonstrate 10 GBaud PAM-4 transmission in IM/DD system with look-up table (LUT) pre-distortion and chromatic dispersion (CD) pre-compensation. These two algorithms have small amount of computational load and can be easily deployed at the transmitter side. Decision-directed least mean square (DDLMS) and cascaded multi-module algorithm (CMMA) are employed to improve the decision precision at the receiver side, the experimental results prove that by adopting these techniques above, link budgets of 5.3-dB and 4-dB are achieved at BER of 1 × 10 −3 for the back-to-back (BTB) case and after transmission over 48-km SMF, respectively. These results demonstrate the feasibility of the proposed scheme for nonlinear impairment and chromatic dispersion compensation in IM/DD PAM-4 system.
